Beta cells originate from precursor cells in the pancreatic ducts, although the possibility of an early migration of the neuroectodermal cells to the endoderm has not been completely ruled out [1±3]. These cells share many similarities with neurons such as the expression of neuron-specific molecules, that is tyrosine hydroxylase or dopamine b-hydroxylase. They are electrically excitable like neurons and insulin release is a process resembling neurotransmitter release, involving cell depolarization and vesicle exocytosis [4] . Beta cells and neuronal cells could be sensitive to the same growth and differentiation factors since specific transcriptional activators (Islets1, Pax-6 and Beta2) are expressed in beta cells and neurons, whereas the transcriptional repressor factor NRSF/ Diabetologia (2001) Abstract Aims/hypothesis. Using primary cultures of human pancreatic islets, purified human pancreatic beta cells and the mouse bTC6-F7 cell line, we analysed the expression of nerve growth factor, (NGF/NGF) receptors in beta cells. To investigate whether NGF could sub-serve an autocrine antiapoptotic role in beta cells, we studied the effects of NGF withdrawal using a neutralizing monoclonal anti-NGF antibody.
REST (neuron-restrictive silencing factor or repressor element silencing transcription factor) is absent in both neuronal and beta cells which represents a common mechanism for controlling gene expression [5±10] .
Nerve growth factor (NGF), the archetypal member of a family of factors important for the differentiation and survival of neurons and neural crest-derived cells [11, 12] , exerts its biological effects through specific cell surface receptors: p75 NTR (also named p75), the low affinity NGF receptors, and gp140
Trk-A (also named Trk-A), the high affinity NGF receptor which combines with p75 NTR to form a receptor complex with full biological activity [13] .
It has been shown that beta cells express functional receptors for NGF and that NGF exerts various effects on beta cells such as the induction of neuronlike differentiation, stimulation of sodium current and enhancement of early responsive gene expression ( NGF-1A and c-fos) [1, 14±19] .
Maintaining and expanding functional beta cells in vitro is one of the major goals in beta-cell transplantation studies; this requires knowledge of beta-cell growth potential in culture conditions and of possible growth factors involved in such processes. We therefore characterized the expression of NGF/NGF receptors in human islets and human purified beta cells as well as in an insulinoma cell line (bTC6-F7 cells) and we show that NGF is synthesized and released from beta cells in a biologically active form. Furthermore we studied the effect of NGF deprivation on beta cell survival.
We also investigated the signal transduction pathways involved during NGF withdrawal-induced apoptosis. The NGF can activate several intracellular signalling transduction systems such as the mitogen-activated protein kinase (MAPK) including extracellular signal-regulated kinase 1 and 2 (ERK1±2) [20] , the p38MAPK [21] or c-jun NH2-terminal-protein kinase (JNK) [22] . NGF withdrawal has been associated with modulation of MAPK in PC12 cells [23, 24] and has been shown to modulate the status of Bcl-2 p38MAPK-dependant phosphorylation [25] .
Through binding to its high affinity receptor gp140
Trk-A , NGF is known to activate phosphatidylinositol 3-kinase (PI3-K) [26] whose activation is required, for example, for PC 12 cell survival [27] . In NGF-dependent sympathetic neurons, the PI3-K/ protein kinase (AKT) pathways seem fundamental for cell survival [28] . AKT is able to phosphorylate Bad, a proapototic member of the Bcl-2 protein family. Once it is phosphorylated, Bad remains bound to the cytosolic 14±3±3 protein and cannot exert its proapoptotic function by freeing Bcl-X L or Bcl-2 [29, 29±32] .
Thus to elucidate the possible signal transduction system involved in beta-cell apoptosis on NGF withdrawal, we analysed the phosphorylation status and/ or kinase activity of ERK, p38MAPK and JNK as well as the PI3-K/AKT/Bad pathway. Finally, we measured the cellular content for Bcl-2 and Bcl-X L in bTC6-F7 cells exposed to anti-NGF treatment.
Materials and methods
Human pancreatic islets isolation and cell dispersion. Adult human islets were obtained from cadaver donors at the University of Pisa, Italy (four men aged 55 5 years who died from stroke). The islets were prepared by a modification of the procedures for preparing large mammal islets [33] , using collagenase (Collagenase P, Boehringer-Mannheim, Mannheim, Germany) [34, 35] .
Briefly, for the islet purification procedure, tissue was loaded into 250 ml plastic conicals and resuspended in Histopaque 1.077 (Sigma-Aldrich, Milan, Italy) or 20 % Hank's buffer saline salt (HBSS, Invitrogene, Milan, Italy), topped with 40 ml HBSS. After centrifugation, the islets were recovered at the interface between the Histopaque and the HBSS layers, washed with HBSS by centrifugation and finally resuspended in M199 (Invitrogene) culture medium. For cell dispersion, the islets were washed and resuspended in Kreb's ringer bicarbonate solution (KRB; Invitrogene) without Ca ++ in the presence of 1 mmol/l EGTA and digested with Trypsin/DNAs. The dissociation was stopped by adding fresh KRB containing 1.67 mmol/ l Ca ++ and 1 % fetal calf serum (FCS; Invitrogene) and cells were resuspended in M199 culture medium (Invitrogene) to be cultured until use.
Isolation and sorting of human pancreatic beta cells. Human islet isolations (two men aged 23 and 65 years and a woman aged 52 years who died from a traffic accident) were carried out in the Division of Surgical Investigation at the University hospital of Geneva (Switzerland) according to standard procedures [36] with minor modifications. The final islet preparation was resuspended in University of Wisconsin preservation solution at 4C and islets were purified by a discontinuous Ficoll gradient on a cell separator; densities used were: 1.108 (bottom layer), 1.096, 1.037, 1.006 (top layer). Islets were cultured for up to 24 h and purity and number were assessed as described [37] . Islets were then dissociated and infected with a recombinant adenovirus expressing green fluorescent protein (GFP) under the control of the rat insulin promotor (RIP) [38] . After expression of the GFP, assessed by inverted fluorescence microscopy, cells were harvested and sorted using a FACStar-Plus (Beckton Dickinson, Geneva, Switzerland); beta cells expressing GFP were then immediately processed for RNA extraction and successive RT-PCR experiments.
bTC6-F7 cell cultures. bTC6-F7 cells (kindly provided by Dr. S. Efrat, Tel Aviv University, Israel) deriving from transgenic mice expressing SV40 large T antigen under the control of the insulin promoter, were cultured as described previously and used at passages 35±47 during which physiological glucose responsiveness is maintained [39, 40] .
PC12 cell cultures. PC12 cells were cultured on a collagen matrix in RPMI 1640 medium (Invitrogene) supplemented with 5 % fetal calf serum (FCS), 10 % horse serum (HS), 50 IU penicillin and 50 mg/ml streptomycin at 37 C in an atmosphere of 95 % humidified air and 5 % CO 2. Half of the medium was renewed daily and cells were subcultured weekly.
bTC6-F7/PC12 co-culture. For bTC6-F7/PC12 co-culture experiments, PC12 cells were seeded in collagen-coated multiwell plates (Falcon, Milan, Italy) in DMEM containing 11.1 mmol/l glucose and supplemented with 15 % HS, 5 % FCS, 50 IU penicillin and 50 mg/ml streptomycin (Invitrogene). bTC6-F7 cells were seeded in cell culture inserts (0.1 mm pore size, Falcon) in the same medium. After 48 h, bTC6-F7 inserts were transported over the PC12 multiwell plates and co-cultured for 5 days.
RNA preparation and RT-PCR analysis of NGF, gp140
Trk-A and p75 NTR total RNA was extracted from bTC6-F7 cells, human islets and purified human beta cells by the guanidium thiocyanate method [41] and used for reverse transcription ± polymerase chain reaction analysis (RT-PCR). Briefly, 100 ng RNA from bTC6-F7 cells or 50 ng RNA from human material, were reverse transcribed for 1 h at 42C by 200 U MMLV reverse transcriptase (SuperScript II, Invitrogene) in the presence of 2.5 mm random hexamers and 200 mmol/l nucleotides (Amersham Pharmacia Biotech, Milan, Italy). cDNA was successively PCR-amplified using 2.5U Platinium Taq PCR-Supermix High Fidelity (Invitrogene) or Hot Start (Qiagen, Milan, Italy) for human material, for 40 to 50 cycles, in 15 pmol specific primers for NGF, gp140
Trk-A or p75 NTR in a Perkin Elmer 2400 thermal cycler. Primers were based on the reported sequences. For mice material, sequences were as follows: NGF, 5' (5'-AAGGACGCAGCTTTCTATAC) and 3' (5'-TGTGGAAGACTGGGTGGGT); gp140
Trk-A , 5' (5'-GTGC-TCAATGAGACCAGCTTC) and 3' (5'-CTTCAGTGCCTT-GACAGCCAC); p75 NTR , 5' (5'-GAGCCAACCAGAG-CGTGTG) and 3' (5'-GGGGATGTGGCAGTGGAC) [42] . For human material, sequences were: NGF, 5' (5'-ATA-CAGGCGGAACCACACTCAGAG) and 3' (5'-TCCCAA-CACCATCACCTCCTTG); gp140
Trk-A , 5' (5'-ACGGA-GAAACAAGTTTGG) and 3' (5'-CTTACGGTACAG-GATGCTC); p75 NTR , 5' (5'-ATGGGGGCAGGTGCCA) and 3' (5'-TCACACCGGGGATGTGGC). At the end of the amplification reaction, aliquots of the PCR products (15 ml) were resolved onto 1.5 % agarose-TBE gel in the presence of ethidium bromide and analysed using a Fluor-S imaging system (Bio-Rad Laboratories, Hercules, Calif., USA). In control experiments, to exclude possible DNA contamination's, RT-PCR was carried out without MMLV during the reverse transcription step.
Biosynthetic labelling of NGF. After 3 days in culture, bTC6-F7 cells were starved for 3 h in methionine-/cystein-free medium (Invitrogene). Then the medium was removed and replaced by fresh methionine-free or cysteine-free medium, containing [ At the end of the incubation period the culture medium was collected and the cells were lysed in ice cold Nonidet P-40 (NP-40) lysis buffer (1.5 % NP-40, 10 % glycerol, 2 mmol/l phenylmethylsulfonyl fluoride (PMSF), 2 mmol/l Na 3 VO 4 , 2 mmol/l EDTA, 10 mmol/l sodium pyrophosphate, 10 mmol/l sodium fluoride and 8 mg/ml leupeptin). Culture medium and cell extracts were immunoprecipitated using a monoclonal anti-NGF antibody immobilized onto CNBr-coupled protein A-sepharose (Amersham Pharmacia Biotech) for 2 h at 4C on a rocking platform [43] . Sepharose beads were collected by centrifugation, then washed twice in 50 mmol/l Tris-HCl (pH = 7.5), 0.02 % NP-40 and once in 5 mmol/l Tris-HCl, 0.02 % NP-40. Samples were denatured by boiling for 3 min in gel-loading buffer (50 mmol/l Tris-HCl, pH = 6.8, 100 mmol/l DTT, 2 % SDS, 0.1 % bromophenol blue and 10 % glycerol) and analysed onto 15 % SDS-PAGE.
Antibodies. Anti-Insulin specific antibody was raised in guinea pig. It recognizes insulin from several species and has been extensively used and characterized for RIA application [44] .
Anti-NGF antibody is a monoclonal antibody produced and purified in our laboratory which has been used and characterized extensively [43, 45, 46] . Anti-p75 NTR and anti-gp140 Trk-A specific antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, Calif., USA, USA). The goat polyclonal anti-p75 NTR antibody (sc-6188) is reactive with mouse, rat and human p75 NTR . It is directed against an epitope mapping amino acids 408±427 located at the carboxy terminus of the human molecule and does not cross-react with other known growth factor receptors. The rabbit antibody, gp140
Trk-A (sc-118) is specific for the mouse, rat and human gp140
Trk-A protein and was raised against a peptide which corresponds with amino acids 763±777 mapping adjacent to the carboxy terminus of the human precusor form of gp140 Trk-A . It does not cross-react with other neurotrophin receptors (Trk-B or Trk-C). These two antibodies have been characterized by immunocytochemistry and functional assay [17, 19, 47, 48] .
Secondary antibodies were from Jackson Immunoresearch Laboratories (West Grove, Pa., USA). For insulin immunolabelling, rhodamine (TRITC)-or fluorescein (FITC)-conjugated F(ab')2 donkey anti-guinea pig antibodies were used (706±026±148 and 706±096±148, respectively). For gp140
Trk-A immunolabelling, FITC-or phycoerythrin (PE)-conjugated F(ab')2 donkey anti-rabbit antibody was used (711±096±152 and 711±116±152, respectively) whereas for p75 NTR , FITC-or PE-conjugated F(ab')2 donkey anti-goat antibody was used (705±096±147 and 705±116±147, respectively).
For western blot analysis, gp140 Trk-A was revealed by a goat anti-rabbit secondary antibody horseradish peroxidase-conjugated and p75
NTR was revealed by a rabbit anti-goat secondary antibody peroxidase-conjugated (Sigma Aldrich, Milan, Italy, A5420).
For signal transduction analysis, anti-p44/42 MAP kinase antibody was from New England Biolabs (Celbio, Milan, Italy; NEB 9102) as well as anti-phospho-p44/42 MAP kinase (Thr202/Tyr204; NEB 9101S) antibody, anti-JNK antibody (NEB 9250), anti-Akt antibody and anti-phospho-Akt (Ser-473) antibody (respectively NEB 9271 and 9271S), anti-Bad and anti-phospho-Bad (Ser-136) (respectively BEB 9290 and NEB 9295S). Secondary antibodies were goat anti-rabbit or donkey anti-rabbit antibody HRP-conjugated (Amersham Pharmacia Biotech).
Monoclonal anti-Bcl-2 antibody was from Trevigene (2290-MC-100; Trevigen Gaithersburg, Md., USA) and anti-Bcl-X S/L was from Santa Cruz (sc-634).
Western blot analysis. bTC6-F7 cells were lysed in Triton-X 100 lysis buffer (150 mmol/l NaCl, 10 mmol/l Tris pH7.4, 5 mmol/l EDTA pH 8.0, 1 % Triton-X 100, 1 mmol/l PMSF).
Lysate was diluted 1:1 in a 2-mercaptoethanol laemmli buffer, an equal amount of proteins (40mg) was separated on 7 % SDS poly-acrylamide gel (PAGE) and transferred on nitrocellulose membranes. Uniform loading of proteins was verified by staining filters with ªPonceauº. Membranes were blocked in TBST (10 mmol/l Tris-HCl, pH 7.5, 100 mmol/l NaCl, 0.1 % Tween 20) containing 5 % non-fat dried milk, filters were incubated overnight with the primary anti-gp140
Trk-A and anti-p75 NTR antibodies (1:80 and 1:100), washed in TBST and subsequently incubated for 1 h with the secondary antibody (1:50 and 1:100). The protein bands, gp140
Trk-A and p75 NTR were visualized on autoradiographies with a chemiluminescent reagent detection system (ECL, Amersham Phar-macia Biotech). Apparent molecular weight was compared with the molecular size markers (Invitrogene).
Total Bad, phospho-Bad, total-JNK, total-p38, total ERK, phospho-ERK, Bcl-2 and Bcl-X L/S were analysed by western blot as reported above at various time-points after anti-NGF treatment and according to the recommendations of the manufacturers for antibodies dilutions.
JNK activity assay. JNK activity was studied using a non radioactive kit assay (SAPK/JNK assay, New England Biolabs) measuring c-Jun phosphorylation at Ser63. 1´10 6 bTC6-F7 cells were seeded in 6-cm dishes (Falcon, Milan, Italy); after 72 h the culture medium was removed and replaced by fresh serum-free medium containing anti-NGF antibody (10 mg/ml) for 15', 30', 1 h or 2 h. Control cells were incubated with complete or serum-free medium without anti-NGF antibody.
After treatments, cells were washed with ice-cold PBS and cellular extracts were prepared by scraping cells in lysis buffer (Tris-acetate 20 mmol/l pH 7.5, NaCl 150 mmol/l, EDTA 1 mmol/l, EGTA 1 mmol/l, sodium-pyrophosphate 2.5 mmol/ l, Ortovanadate 1 mmol/l, b-Glycerolphosphate 1 mmol/l, NaF 100 mmol/l, PMSF 1 mmol/l, leupeptin 1mg/ml).
After sonication, cellular extracts were centrifuged for 10 min at 13 000 g at 4 C and supernatants were recovered.
Of total protein 500 mg were immunoprecipitated with 3 mg of GST-Jun (aa 1±89) fusion protein beads overnight at 4 C.
Then samples were microcentrifugated for 30 s at 4C and the pellets were washed once with lysis buffer and once with kinase buffer (MgCl 2 10 mmol/l, Tris pH 7.5 25 mmol/l, b-Glycerolphosphate 5 mmol/l, Ortovanadate 0.1 mmol/l, DTT 2 mmol/l). Pellets were suspended in kinase buffer and supplemented with ATP 200mmol/l. After incubation at 30 C for 30 min, reaction products were separated by SDS-PAGE on a 12 % polyacrylamide gel and analysed by western blot, using phospho±c-Jun antibody.
p38MAPK activity assay. p38MAPK activity was studied using a non-radioactive kit (New England Biolabs) measuring phosphorylation of ATF-2 at Thr71. Cells were processed as described for JNK except that the total protein was immunoprecipitated with 2mg of immobilized phospho±p38 MAP kinase (Thr180/Tyr182) monoclonal antibody overnight at 4 C.
Pellets were finally suspended in kinase buffer supplemented with ATP 200mmol/l and 2mg of ATF-2 fusion protein. After incubation at 30 C for 30 min, reaction products were separated by SDS-PAGE on a 12 % polyacrylamide gel and analysed by western blot, using phospho±ATF-2 antibody.
Immunofluorescence studies. For immunofluorescence studies, bTC6-F7 cells or human dispersed beta cells were seeded in poly-d-lysine-coated Lab Teck eight-well chamber slides (Nalge Nunc International, Naperville, Ill., USA) and cultured for 24 h.
Cells were washed three times in ice-cold PBS and fixed in ice-cold freshly prepared 4 % paraformaldehyde-PBS for 20 min. Permeabilization was done in 0.1 % Triton in PBS for 1 min. After three washes in PBS, cells were exposed to the appropriate dilution of primary antibodies in incubation buffer (BSA 3 % in PBS) for 1 h at room temperature. Cells were double labelled for insulin and gp140
Trk-A , insulin and p75 NTR or p75 NTR and gp140 Trk-A . After three washes in PBS, cells were exposed to secondary antibodies in the same buffer for 1 h at room temperature. Preparations were mounted with 70 % glycerol in PBS and immediately observed. Images were acquired and processed using selective immunofluorescent filters for FITC, TRITC or PE with a digital CCD camera connected to an Olympus-based image analysis system. Analysis of phosphatidylserine externalization. Dissociated human islets or bTC6-F7 cells (10 5 cells/ml) were seeded in polyd-lysin-coated Lab-Teck eight-well chamber slides in culture medium. After 24 h, the medium was removed and serum free fresh medium was added containing anti-NGF antibody for 30 or 120 min. At the end of the treatments, cells were washed with PBS and externalization of phosphatidylserine on the plasma membrane of living cells was determined by ApoAlert Annexin V Apoptosis kit (Clontech, Palo Alto, Calif., USA); PS translocation toward the outer layer of the membrane was detected by fluorescent microscopy, thanks to the binding of a FITC conjugated Annexin V.
The beta-cell phenotype in human islets was then identified by insulin-like immunoreactivity labelling. After Annexin V binding step, islets were washed three times in ice-cold PBS and fixed in ice-cold freshly prepared 4 % paraformaldehyde-PBS for 20 min. A mild permeabilization was done with 0.1 % Triton in PBS for 1 min. After three washes in PBS, cells were incubated for 1 h at room temperature with an anti-insulin specific antibody [44] in incubation buffer (BSA 3 % in PBS). Primary antibody was revealed by a TRITC-conjugated secondary antibody for 1 h at room temperature (TRICT±conjugated F(ab')2 donkey anti-guinea pig, Jackson Immunoresearch Laboratories 706±096±148). Preparations were mounted with 70 % glycerol in PBS and immediately observed. Images were acquired and processed using selective immunofluorescent filters for FITC or TRITC with a digital CCD camera coupled to an Olympus-based image analysis system.
Nucleosomal formation assay. bTC6-F7 cells were seeded in 24-well plates; after 48 h the culture medium was removed and replaced by fresh serum-free medium containing anti-NGF antibody for 6, 12 or 24 h. Control cells were incubated with complete or serum-free medium in the absence of anti-NGF antibody.
At the end of the treatments, cells were lysed and nucleosomal formation was assayed by quantitative in vitro measurements of cytoplasmatic histone-associated DNA fragments (Cell Death Detection ELISA PLUS , Roche, Milan, Italy), according to the manufacturer's recommendations. Nucleosomal enrichment expressed in ordinate represents the ratio mean OD values from experimental cells-to-mean OD values from control cells, i. e. cells cultured in complete medium conditions.
In a second set of experiments, cells cultured in complete medium were treated with 50 mmol/l Tyrphostin AG879 (Calbiochem, La Jolla, Calif., USA) for 24 h to block the NGF-dependent gp140
Trk-A tyrosine phosphorylation or with 50 mmol/l Tyrphostin A1 (Calbiochem, La Jolla, CA, USA), an inactive inhibitor of gp140
Trk-A tyrosine phosphorylation, as a negative control [49] .
In a third set of experiments, bTC6-F7 cells were cultured for 48 h in complete medium; thereafter the medium was replaced with fresh complete medium containing either 1 mg/ml actinomycin D (AMD, Sigma Aldrich) or 5mg/ml cycloheximide (CHX, Sigma Aldrich) for 1 h. Cells were then washed and serum-free fresh medium containing anti-NGF antibody (15 mg/ml) was added for 6 h. Subsequently nucleosomal formation was assayed as described above.
Analysis of DNA laddering. bTC6-F7 cells were seeded in six multiwell plates at a density of 2 . 10 5 /ml. After 48 h the culture medium was replaced with fresh serum-free medium containing 10 mg/ml anti-NGF antibody or mouse IgG (control) for 6, 12 or 24 h. Untreated dishes were processed in parallel to control DNA preparation. At the end of the treatments, cells were washed twice in PBS and lysed with 10 mmol/l TrisHCl, 10 mmol/l urea and 20 % Triton-X 100. Genomic DNA was extracted using high pure PCR template preparation kit (Roche, Milan, Italy) following the manufacturer's recommendations, quantified by spectrophotometer and analysed on 1.2 % agarose [0.5 mol Tris Borate EDTA (TBE) gels electrophoresis to ensure DNA purity].
Pure DNA was analysed by the ApoAlert LM-PCR ladder assay kit (Clontech) according to the manufacturer's instructions to reveal nucleosomal ladders in apoptotic cells. Briefly, in a first step, 5' and 3' adapters oligonucleotides were ligated to 0.5mg of genomic DNA. In a second step, 100 ng of the ligation reaction were PCR-amplified for 23 cycles (94 C /1 min, 72 C /3 min, with a final 72 C /5 min extension) using Advantage cDNA polymerase mix (Clontech). Of each PCR reaction 10ml were analysed on 1.8 % agarose-TBE gels in presence of ethidium bromide, at 60 mA for 4 h. With this technique nucleosome fragments, whose length varies by multiples of 180 to 200 base pairs, can be visualized, allowing the DNA ladder to be easily observed.
Analysis of Apoptotic nuclei by Fluorescent Activated Cell Sorting (FACS). Apoptotic cell nuclei were detected in bTC6-F7 cells treated with anti-NGF antibody 6, 12 or 24 treatment in serum free conditions by flow cytometry as described [50] with slight modifications by others [51] . Briefly, cells were harvested, centrifuged at 200 g for 10 min and washed twice with PBS. Then they were gently resuspended in 1 ml propidium iodine hypotonic solution (50mg/ml in 0.1 % sodium citrate added in 0.1 % Triton-X 100) and incubated at 4C for 40 min in darkness. The fluorescence emitted from PI-DNA complex was quantified after laser excitation (488 nm) using a FACScan (Becton Dickinson, Milan, Italy).
Experiments were carried out on about 10 4 cells and repeated three to five times.
Statistical analysis. Data are given as the average SEM. Statistical analysis was carried out by one-way ANOVA followed by Student's t test. A p value of less than 0.05 was considered statistically significant.
Results

NGF, gp140
Trk-A and p75 NTR mRNAs expressed in bTC6-F7 cells, human islets and dissociated human beta cells. We show that for NGF and its receptors gp140
Trk-A and p75 NTR , mRNAs are expressed in bTC6-F7 cells after 40 cycles of amplification (Fig. 1A) .
We illustrate NGF, gp140 Trk-A and p75 NTR mRNAs expression in human islets and in human purified beta cells (Fig. 1B±C) . NGF mRNA was RT-PCR amplified for 40 cycles whereas gp140
Trk-A and p75 NTR mRNAs were amplified for 55 cycles, suggesting that NGF receptors mRNA, in particular gp140
Trk-A , are expressed relatively low compared with NGF.
In control experiments (where MMLV was omitted during the reverse transcription reaction), no PCR signal could be detected even after 60 cycles (data not shown).
p75
NTR and gp140 Trk-A proteins expressed in bTC6-F7 cells and in human islets: western blot analysis. Western blot analyses were done in bTC6-F7 cells to validate the specificity of gp140
Trk-A and p75 NTR antibodies. We found that gp140
Trk-A and p75 NTR antibodies labelled blots as a single band with a molecular weight of 140 000 M r for gp140
Trk-A and as single band of about 75 000 M r for p75 NTR corresponding with the expected molecular weight (Fig. 2) . NGF protein expression was not detectable by this method (data not shown). Trk-A (lane 2) and p75 NTR (lane 3). RT-PCR was carried out as described in the method section and repeated three times. PCR products were analysed after 40 cycles in bTC6-F7 for all three messengers. For human material, NGF was amplified for 40 cycles and NGF receptors required 55 cycles. Standard MW marker on the left size of the gel was a 1Kb + DNA ladder (Gibco)
Immunofluorescence analysis. Figure 3 shows results from dual immunolabelling experiments in bTC6-F7 cells (A±F) and in human islets primary cultures (G±L). For all secondary antibodies used, the background measured omitting the primary antibody during the immunoprocessing was almost undetectable. Therefore, at the concentrations of the secondary antibodies used, the signals obtained in primary antibody was specific (data not shown).
We revealed gp140 Trk-A and p75 NTR (Fig. 3B,D) using FITC-conjugated secondary antibodies in bTC6-F7 cells where insulin-like immunoreactivity was evidenced by TRITC-conjugated secondary antibodies (Fig. 3A, C) . The two NGF receptor types co-localized in the same cells (Fig. 3 E, F) where PE labelled cells are immunoreactive for gp140 Trk-A , and FITC labelled cells are immunoreactive for p75 NTR . The insulin-like immunoreactivity could be clearly evidenced because numerous cytoplasmic ªvesicle-likeº structures are labelled (Fig. 3A, C) . Other than gp140
Trk-A and p75
NTR immunoreactivity was widespread with some ªvesicle-likeº structures particularly evident for gp140
Trk-A (Fig. 3B,3E ). In a second set of experiments dual immunolabelling was done on human islets. Colocalization of insulin (Fig. 3H,I ) with gp140
Trk-A (Fig. 3G ) or with p75 NTR (Fig. 3J) as well as co-localization for both receptor types was analysed (Panels K for gp140 Trk-A and L for p75 NTR ). Insulin-like immunoreactive cells were also immunoreactive for gp140
Trk-A (Fig. 3G±H ) but some gp140
Trk-A positive cells were also identified as non-beta-cells (Arrow in Fig. 3G ). Also, while virtually all of the beta cells analysed were p75 NTR positive (Fig. 3I, J) , we also found some p75 NTR immunoreactive cells negative for insulin-like immunoreactivity (Arrow in Fig. 3J ). Therefore beta cells exhibit both NGF receptor types as well as other non-beta islets cells. Dual immunolabelling gp140
Trk-A /p75 NTR (Fig. 3K, L) showed at least two other cell populations, the first p75 NTR but not gp140 Trk-A was immunoreactive (see arrow in panel K) and the second was gp140
Trk-A and p75 NTR immunoreactive.
NGF synthesized and released from bTC6-F7 cells. Autoradiography of newly synthesized proteins in bTC6-F7 cells after immunoprecipitation with an anti-NGF antibody was done in the culture medium and cell extracts, showing a single band of 14 000 M r (Fig. 4) in the culture medium but not in cell extracts.
Biologically active NGF produced by bTC6-F7 cells. PC12 cells treated with exogenous NGF started to expand neurites within 48 to 72 h and a neurite outgrowth was clearly visible after 5 days (Fig. 5B) while untreated PC12 cells remained undifferentiated (Fig. 5A ). PC12 cells co-cultured with bTC6-F7 cells show similar neurite-like outgrowth, though with a slower progression (Fig. 5C ). Basal PS translocation (T0, FITC labelling) was barely detectable in human islets and in bTC6-F7 cells (Fig. 6) . In human islets, after anti-NGF treatment, PS translocation started within 30 min in more than 90 % of insulin-like immunoreactive cells and was still increased after 2 h. Similar results were observed in bTC6-F7 cells. Annexin-V staining pattern in human cells appeared more clustered than that observed in the insulinoma cell line; this is probably due to the fixation step required after annexin-V binding for insulin immunolabelling.
Nucleosomal formation assay after anti-NGF treatment. The enrichment factor in cells grown in serum free medium compared with cells grown in complete 
A±F) and in Human islets cultures (G±L). Dual immunolabelling analysis for insulin and gp140
Trk-A in bTC6-F7 (A±B) and in human islets preparation (H±G). Immunoreactive vesicles clearly evidence insulin vesicles in bTC6-F7 (A) as in human islets (H). gp140
Trk-A also shows a punctuate pattern that should correspond to receptor patches and evidences cytoplasmic membranes (B,G). Note that, while virtually all bTC6-F7 are immunoreactive for insulin and gp140
Trk-A , in human islets some gp140
Trk-A positive cells are not insulin-like immunoreactive (arrow in G). In C to D (bTC6-F7) and I to J (human islets) preparations were dually labelled for insulin and p75 NTR : still all bTC6-F7 are immunoreactive for insulin and p75 NTR but, in human islets, numerous p75 NTR immunoreactive cells where found to be non-beta-cells (insulin-like immunoreactivity negative; arrow in J). In E to F (bTC6-F7) and K to L (human islets) preparations were dually labelled for gp140
Trk-A and p75 NTR . bTC6-F7 exhibit both receptors types whereas in human preparations, as for cell evidenced by the arrow in panel K, some p75 NTR immunolabelled cells were negative for gp140
Trk-A whereas all gp140 Trk-A immunolabelled cells (L) were also p75 NTR positive (K). Bars represent 10 mm V medium was 1.07 0.09 after 6 h, indicating that serum withdrawal did not induce nucleosome enrichment (Fig. 7) . On the contrary, after 12 and 24 h serum withdrawal, nucleosomal enrichment factor was increased by 1.59 0.21 (p < 0.05 vs control cultures) and 1.96 0.22 (p < 0.01 vs control cultures). Cells treated with anti-NGF antibody showed an increase in nucleosome formation after 6 h compared with control cells (2.08 0.20); this increase was significant even when compared with cells maintained in serum-free condition (p < 0.01 vs serumfree cultures). After 12 h, enrichment factor did not change significantly (1.93 0.13, p < 0.05 vs serumfree cultures) whereas after 24 h, it markedly increased up to 3.30 0.45 (p < 0.01 vs serum-free cultures).
Analysis of DNA laddering. Representative gel electrophoresis images of DNA laddering analysis are shown in Figure 8 . Cells grown in complete medium did not show DNA laddering (data not shown). After 6 h, DNA laddering was barely visible in control and in anti-NGF treated cells. A slight DNA laddering started to appear in control cells after 12 h and was evident after 24 h. In contrast, a severe DNA laddering was already evident after 12 h in anti-NGF treated cells and was even more pronounced after 24 h. 35 S-labelled proteins contained in cell extract or culture medium were immunoprecipitated with an anti-NGF antibody conjugated to protein-A sepharose, separated onto PAGE-SDS and revealed by autoradiography (see methods). The 14 000 M r arrow points to a band tentatively identified as NGF Fig. 5 . bTC6-F7 conditioned medium induces neurite outgrowth in PC12 like exogenous NGF. PC12 cells were grown as described in Methods and observed after 5 days in vitro (A). In B, PC12 were treated with NGF (100 ng/ml daily for 5 days) while in C, PC12 were exposed to bTC6-F7 conditioned medium for 5 days. Neurites expanding from PC12 can be seen in both NGF treated (B) and conditioned medium exposition (C) conditions, showing that bTC6-F7 cells produce and release a biologically active form of NGF ed cells, compared with control or untreated cells (Table 1) .
Nucleosomal formation assay after AG879 treatment.
Involvement of gp140
Trk-A receptor in NGF action was evaluated by treating bTC6-F7 cells with Tyrphostin AG879; nucleosomal formation assay (three independent experiments) showed that AG879 induced an increase in nucleosome enrichment after 24 h (2.58 0.27, p < 0.05 vs control) which is comparable to the increase obtained with anti-NGF antibody treatment (2.83 0.35). In contrast, A1 tyrphostin treatment had no significant effect (1.15 0.15, p < 0.01). NGF withdrawal decreases AKT and Bad phosphorylation. Western blot analyses on anti-phospho (Ser-473) AKT or anti total AKT antibody are shown in Figure 9B . Total content of AKT did not change throughout the experiment. On the contrary, Ser-473 phosphorylated fraction was severely reduced after 30 min of anti-NGF treatment (0.18 0.05 fold basal content) compared with serum-free maintained con- Nucleosomal formation was evidenced in bTC6-F7 as described in the method section after 6, 12 or 24 h of NGF withdrawal. Results are expressed as ªpercent enrichment factorº in anti-NGF treated cultures (see methods), showing increased nucleosomal formation in anti-NGF-treated cells. Enrichment factor in control group is 1. Each measurement is the mean of three culture dishes and the experiment was repeated five times; and respectively p < 0.05 and p < 0.01 vs no serum treated cells; * and ** respectively p < 0.05 and p < 0.01 vs control cells cultured in complete medium trol cultures (0.67 0.10-fold basal content). After 1 h, the phosphorylated fraction of AKT was also lowered in control cultures and later on it remained low in both experimental conditions.
Conversely, the same analysis on phospho-Bad and total Bad (Fig. 9B) shows that the phosphorylated fraction of Bad (Ser-136) was significantly decreased within 3 to 6 h of anti-NGF treatment (anti-NGF: 0.50 0.10 vs control: 1.14 0.09-fold basal content, p < 0.05). With AKT, serum withdrawal did not significantly reduce the Ser-136 phosphorylated fraction of Bad, even 3 h after the anti-NGF treatment.
NGF withdrawal transiently increases ERKs phosphorylation. ERKs (p42 and p44) phosphorylation was transiently increased one hour after NGF-withdrawal (anti-NGF: 1.93 0.28 vs control: 1.14 0.09, p < 0.05, Fig. 9C ). Successively, no significant differences persisted between the two experimental conditions.
The total content of ERKs were not affected throughout the experiment.
NGF withdrawal enhances JNK but not p38 MAPK activities. p38 MAPK and JNK activities are represented in Figure 9D and E. Whereas NGF withdrawal did not seem to significantly modulate p38 MAPK activity, JNK activity was severely increased in anti-NGF compared with control cultures which were maintained serum-free. Moreover, the dynamic of this event was very fast since JNK activity was increased almost ten times within 15 min (anti-NGF: 9.04 1.61 vs control: 1.22 0.10-fold basal content) and reaching almost 20 times after 30 min (anti-NGF: 18.92 2.37 vs control: 1.56 0.05-fold basal content, p < 0.05). After one hour of anti-NGF treatment, JNK activity was also increased in control culture conditions but remained higher in anti-NGF antibody (anti-NGF: 15.32 2.25 vs control: 10.24 2.61-fold basal content).
NGF withdrawal decreases Bcl-X L but not Bcl-2 content. Two representative blots for Bcl-2 and Bcl-X L as well as a densitometric analysis of proteins expression are shown in Figure 9F . Results are expressed as ªfold protein expression in anti-NGF treated cells vs no serum controlsº. Whereas Bcl-2, whose expression appeared lower than Bcl-X L , was not significantly altered up to 12 h after anti-NGF treatment, Bcl-X L expression was severely reduced (more than 50 %) after 3 h in anti-NGF treated cells compared with serum free control cultures. Of interest, in serum-free control cells Bcl-X L appeared increased throughout the experiment compared with basal content (T0).
Discussion
NGF mRNA and protein expression have been observed in rat islets but the cell type expressing the neurotrophin has not been characterized [16, 52, 53] . A recent study showed that rat beta cells produce NGF [54] whereas previous reports failed to demonstrate NGF mRNA and/or receptor expression [17±19,55] . To clarify this issue, we characterized the expression of NGF and its receptors, gp140
Trk-A and p75 NTR , in bTC6-F7 cells, human islets and human purified beta cells.
We have shown that NGF mRNA is highly expressed in bTC6-F7 cells compared with other insulinoma cell lines (i. e. RIN 1046±38 and INS-1 cells, data not shown). We have also shown the expression of NGF mRNA in human islets particularly in beta cells where it seems to be abundant. Although mRNA from contaminating material in the RT-PCR experiments cannot be excluded, the possibility that NGF mRNA expression in human islets derives from peri-islet cell contamination can be ruled out because Schwann cells do not survive in these culture conditions. At most, NGF mRNA could be produced by the fibroblasts surrounding the islets [16] though the neurotrophin expression by these cells has yet to be found. We failed to demonstrate the expression of NGF in bTC6-F7 cells and human islets by different techniques [western blot, immunofluorescence or ELISA, both in cell extracts and in culture medium (data not shown)]; this is probably due to the small amount of neurotrophin and its rapid turn over and/or secretion. In contrast, autoradiography with immunoprecipitation of newly synthesized proteins showed the presence of NGF in the culture medium of bTC6-F7 cells but it was not detected in the cell extracts. These results suggest that NGF is synthesized in beta cells and rapidly released, in agreement with previous data [54] . The endogenously produced NGF is biologically active since bTC6-F7 co-cultured with PC12 cells induced PC12 neurite outgrowth. Although a local effect of NGF produced and released by beta cells seems to be suggestive, the effect of other factor(s) could be involved.
Our data show the concomitant expression of NGF and its receptors in islets beta cells in vitro and the synthesis and release of biologically active NGF from beta cells, suggesting the existence of an autocrine loop.
Although there is evidence indicating a role for NGF in the development and maturation of the pancreas, its action in adults is not clear [14,16,56±58] . Also, the role of p75 NTR on beta cells is intriguing. Indeed, p75
NTR has been considered to be involved in the modulation of apoptosis and/or survival in neurons [59±67]. The same mechanism has been shown to operate in B lymphocytes [43] and in fibroblasts [68] , keratinocytes or PC12 cells where NGF withdrawal induces apoptosis [22,69±73] .
Based on this evidence, we hypothesized that NGF could be involved in modulating islet beta cells apoptosis and/or survival. To this aim we have shown that NGF withdrawal induces phosphatidylserine (PS) translocation on the surface of human beta cells, affecting almost only insulin immunoreactive cells. This is, to our knowledge, the first demonstration that NGF is an important factor for the survival of human beta cells.
Because of difficulties in obtaining human islets, we have used the well characterized bTC6-F7 cell line as an experimental model to show that NGFwithdrawal induces apoptosis in beta cells [39, 74] .
NGF-withdrawal-induced apoptosis seems to be mediated through gp140
Trk-A since Tyrphostin AG879 could mimic the effect of NGF immunodeprivation. The presence of NGF is therefore necessary for gp140
Trk-A phosphorylation and beta-cell survival. This apoptotic mechanism does not require gene expression nor de novo synthesis of protein as shown by actinomycin-D and cycloheximide experiments differing from NGF-withdrawal-induced apoptosis in neurons [77, 78] . It is therefore possible that the signal transduction pathway used by beta cells for NGFwithdrawal-induced apoptosis differs from that used by neurons. Furthermore, the time-course of cell death differs in neurons and beta cells. Whereas apoptosis in neurons occurs after 12 to 24 h, in beta cells the event is more rapid, supporting the hypothesis that the process does not involve gene expression.
Analysis of the signal transduction pathways involved supported such ªtranscription/translation independent mechanismº. Indeed, we could evidence that JNK is severely activated within 15 min of anti-NGF treatment. However, p38 MAPK activity did not change after NGF withdrawal and the ERK's phosphorylation appeared very blind though it was statistically significant. In tandem, we could measure a dephosphorylation of AKT after 30 min and successively a dephosphorylation of Bad in position Ser-136.
In our system, whereas AKT was also found dephosphorylated in position Ser-473 by serum withdrawal, Bad dephosphorylation in position Ser-136 was only found after NGF withdrawal while serum withdrawal per se was not affected. This suggests that BAD Ser-136 could also be phosphorylated by kinase(s) other than AKT. PAK-1 (p21-activated kinase 1) is a possible candidate [79] . We also analysed the PI3-K activity after 6 h of anti-NGF treatment and found it severely decreased; the PI3-K activity could be restored by treatment of the cells with 100 ng/ml NGF for 15 min (data not shown).
Activation of PI3-K by NGF has been reported in PC12 cells [80] and the PI3-K/Akt proteins seem necessary and sufficient for the survival of NGF-dependent sympathetic neurons [81] . We show that in beta cells maintained in vitro, serum withdrawal reduces the kinase activity of PI3-K and AKT as NGF does but that serum withdrawal does not influence the phosphorylation status of Bad in position Ser-136; on the contrary NGF withdrawal dephosphorylates Bad in position Ser-136. Therefore the participation of other kinases (i. e. PAK-1) in this pathway cannot be excluded. Nevertheless, it has been shown that Ser-136 phosphorylation leads to subsequent Ser-155 phosphorylation and that it is therefore crucial for Bad to bind cytosolic 14±3±3 proteins remaining inactive. In contrast, dephosphorylated Bad is able to bind Bcl-X L eliciting its pro-apoptotic effect [82] . Thus, the inhibition of the PI3-K/AKT/BAD ªsurviv-alº pathway, appears as a consequence of NGF withdrawal and could justify, at least in part, apoptosis of the cells.
JNK was activated by 1 h serum withdrawal but this activation was lower than that measured after NGF withdrawal which occurs within minutes. P38 MAPK activity remained unchanged in both experimental conditions. JNK, and not p38 MAPK, was shown to be activated by NGF withdrawal in sympathetic neurons, as we have shown in beta cells [83] while, in CESS B cell line, NGF withdrawal induces a p38 MAPK and not a JNK activation [25] . Also, in cultured cerebellar granule neurons, inhibition of PI3-K activated JNK activity [84] . Thus, the activation of JNK after NGF withdrawal seems to be associated with the inhibition of the PI3-K-AKT-BAD survival pathway and the activation of JNK pathway. Indeed, the involvement of the JNK pathway in IL1b induced beta-cell apoptosis has been shown using a bioactive cell-permeable peptide inhibitor of JNK which gives full protection against IL1b induced apoptosis in insulinoma bTC 3 cells for up to two weeks of continuous treatment with the cytokine.
Therefore JNK activation is a key event in this process [85] .
Though the cellular Bcl-2 contents did not change, Bcl-XL showing increased expression by serum withdrawal, was severely decreased by NGF withdrawal. Together, these mechanisms support the nucleosomal formation increase we measured 6 h after NGF withdrawal and the subsequent DNA laddering measured by FACS analysis and DNA laddering gel electophoresis.
The role of growth factors in the regulation of beta-cell mass has been extensively studied in rodent foetal and adult islets and information on human islet growth, potentially indicate that most beta cells in the human pancreas retain the capacity to proliferate in vitro under specific mitogenic stimuli [86] . Our results showing the expression of NGF and NGF receptors in human material agrees with previous data on human pancreatic cancer tissue; therefore, the two models and the experimental approaches used are not comparable [17±19] .
The possibility to expand and maintain beta cells in vitro is the ultimate goal of beta-cell transplantation studies since the use of insulin secreting cells is an alternative approach to the classic therapy for diabetes mellitus. The source of cells is, however, a limiting factor. Human pancreatic islets are not easily available and large scale isolation of animal (such as porcine) islets present various difficulties. The use of beta-cell lines and the use of primary cultures of human beta cells is an attractive alternative because their proliferative potential and/or their resistance to proapoptotic stimuli could be regulated by engineering technologies, providing an unlimited source of cells and a more favourable fate of transplanted cells. Furthermore, the culture conditions before transplantation are extremely important to condition cell survival. We suggest that the integrity of NGF/NGF receptor system in beta cells and NGF bioavailability in culture is important for beta-cell survival in pretransplantation conditions and therefore NGF is a candidate factor, among other growth factors, important for obtaining improved beta cells for transplantation.
